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ABSTRACT
Three tissue culture techniques, somaclone evaluation, in vitro screening of 
suspension cells, and in vitro screening of protoplasts were evaluated for their 
potential to produce aluminum (Al) tolerant rice. For somaclone evaluation, a 
collection of 9,000 rice somaclones was screened. After 11 days of germination in 
200 uM Al, the length of the primary root was measured and used as the criterion 
for selection since a principal effect of Al toxicity is inhibition of root growth.
Four superior lines were identified. Root length of the most tolerant line was 50% 
greater than its control following germination in screening solution. A genetic 
study indicated that Al tolerance in one of the somaclones fits a single dominant 
gene model. Aluminum tolerance in two of somaclones is possibly governed by 
more than one gene. The genetics of the tolerance trait in the fourth somaclone 
could not be clearly determined.
For screening suspension cells, Al was added to a 30 gL'1 sucrose solution 
with a pH of 4.0. Two Al concentrations (10 and 20 mM) and two exposure 
periods (4 and 7 days) were evaluated. More than 1,425 fertile plants were 
recovered from the various Al treatments. Cells selected with 20 mM Al for 7 days 
yielded a regenerated plant with progeny root growth twice that of the parental 
cultivar following germination in Al solution. Pretreatment with ethyl 
methanesulfonate increased the survival rate of cells following exposure to Al but 
induced a higher frequency of sterility in regenerated plants.
Two different screening approaches, direct screening of protoplasts and indirect 
screening of protoplast-derived calli, were evaluated in the third study. A total of 
484 fertile plants were recovered from the various Al treatments. The most Al 
tolerant line was derived from indirect selection, producing progeny whose seedling 
root length was improved 50% compared with that of the parental check when 
germinated in Al solution.
Among the methods evaluated, in vitro screening using suspension cultures 
appeared to be the most effective method for developing rice germplasm with 
improved Al tolerance. Somaclone evaluation and in vitro screening of protoplasts 
also yielded improvements, but not as great as that resulting from in vitro screening 
of suspension cells.
CHAPTER I 
INTRODUCTION
1
Tissue culture has been recognized and well documented in the literature as a 
rich source of genetic variability. In recent years significant progress in rice tissue 
culture has been achieved that facilitates the use of this technology to produce 
plants with altered characteristics. In this study three rice tissue culture techniques, 
specifically somaclone evaluation, in vitro screening of suspension cells, and in 
vitro screening of protoplasts, were explored for their potential to produce mutants 
possessing improved aluminum (Al) tolerance.
The first chapter describes the evaluation of 9,000 rice somaclones for Al 
tolerance. This approach relies upon the variability found among regenerated plants 
that occurs as a result of tissue culture manipulation. Evaluation for Al tolerance 
among the somaclones was conducted using progeny seedlings. In contrast to 
somaclone evaluation, in vitro screening of suspension cells and protoplasts 
involved selection at the cellular level. Tolerant calli identified through in vitro 
screening were transferred to regeneration medium to produce plants whose progeny 
were tested for Al tolerance. Detailed descriptions of the in vitro screening of 
suspension cells and protoplasts are presented in chapters 2 and 3, respectively. 
Because in vitro screening is highly dependent on maintaining high regeneration 
rates during long-term culture, the establishment and characterization of a highly 
regenerable long-term suspension culture of the U.S. rice cultivar Mercury is 
specifically addressed in chapter 4.
3REVIEW OF LITERATURE
Rice and acid soils
Rice (Oryza sativa L.) is a major world crop with a total production of 520 
million metric tons per year. It is currently cultivated in 89 countries and 120,000 
cultivars are thought to exist (White, 1994). The genus Oryza has 22 species, 15 of 
which are diploid with 2n=24 and the remainder tetraploid with 4n=48 (Chang, 
1985). Only two species, O. sativa and O. glaberrina Steud, are cultivated. Oryza 
sativa can be further partitioned into 3 ecotypes: indica, japonica (sinica), and 
javanica.
Rice is cultivated under various conditions and in soils ranging in pH from 3.5 
to 9.5 (Khush, 1984). Acidic soils such as oxisols and ultisols are common in 
tropical regions. Due to rapid urban expansion, regional development, and 
population growth, rice production in some tropical countries has spread into more 
acidic, less fertile lands. Sanchez and Salinas (1981) estimated that 55% of the 
soils in tropical America, 39% in tropical Africa, and 37% in tropical Asia, totalling 
1.6 billion hectares, are dominated by acidic soils, the oxisols and ultisols. 
Approximately 72% of the acid infertile region of tropical America is affected by 
Al toxicity. Under acidic conditions, Al becomes more available and is a major 
factor limiting crop production.
About 20% of the world’s rice production is upland rice (Barker et al., 1985). 
Upland rice, in particular, is exposed to Al toxicity during all growth stages when 
cultivated in acidic soils. Unlike upland rice, flooded rice is not exposed to Al 
toxicity when flooded. Under flooded conditions, Al becomes less available,
4because soil pH rises. Under these conditions it is uncommon for Al to be a 
problem. However, during germination and stand establishment under non-flooded 
conditions, Al toxicity can pose a problem. Germination is the growth stage most 
sensitive to Al toxicity (Jan, 1993). Aluminum tolerant rice would therefore 
address the Al toxicity problem that exists for both upland and dry-seeded rice 
production in acid soils.
Soil amendments, especially lime, phosphogypsum, high rates of phosphorus, 
and green manure or compost, have been applied to soil as a means of alleviating 
Al toxicity (Alva et al., 1988; Hue and Amien, 1989). Cultural practices, such as 
sowing seeds in a seed nursery free of Al followed by transplanting, has also been 
used to reduce problems related to Al toxicity (Jan, 1993). These methods, 
however, are not always practical or economically appropriate. An alternative 
approach to solving this problem is the development and use of plants with genetic 
tolerance to Al. Genetic variation for Al tolerance has been observed in Zea mays, 
Sorghum bicolor, Phaseolus vulgaris, Glycine max, Saccharum officinarum, 
Leucaena spp., Amaranthus spp., Lolium spp., Lotus corniculatus, Secale cereale, 
and Oryza sativa (Foy, 1988). Some crops are inherently more tolerant than others. 
They include cassava (Manihot esculenta), cowpea (Vigna unguiculata), groundnut 
(Arachis hypogea), pigeon pea (Cajanus cajan), potato (Solanum tuberosum), rice 
{Oryza sativa) and rye (Secale cereale) (Little, 1988).
Differences in Al tolerance have been recognized within rice species (Salinas, 
1978). The high yielding semidwarf cultivars IR 8, IR 5 and CICA 4, developed 
for flooded rice culture, are extremely sensitive to soil acidity and highly responsive
to liming. On the other hand, the relatively low-yielding, tall, local cultivars 
Colombia 1 and Monolaya, as well as the tall U.S. cultivar Blue Bonnet 50, are 
more tolerant to low pH and show less response to liming (Spain et al., 1975). 
Sarkarung (1986) screened nearly 1,400 accessions in attempting to develop acid 
tolerant upland rice cultivars for Latin America. About 17% of the entries 
expressed some tolerance to Al. Overall, however, the levels of Al tolerance 
identified in rice to date are insufficient. Higher levels of tolerance are needed to 
address the Al toxicity problem found in many tropical rice production regions. 
Aluminum: toxicity and physiological effects
Aluminum has a high ionic strength with a small crystalline radius and is very 
reactive in solution. Speciation of Al in solution is determined by pH. A number 
of different forms of Al may be found in the soil solution and Al+3 is the primary 
mononuclear Al species that is toxic to rice (Kinraide and Parker, 1989). Under 
typical acidic soils, Al becomes more soluble at pH values below 5.0, normally 
reaching concentrations of 1-30 ppm (Black, 1957; Mugriwa et al., 1981; Read and 
Scott, 1983).
The primary observable effect of Al toxicity is a reduction in root growth.
This is accompanied by a thickening of root tips and lateral roots, and reduced root 
hair production and branching. Damaged roots can only penetrate a limited volume 
of soil and are not efficient in absorbing nutrients and water. Above ground 
symptoms include a reduction in leaf growth and the formation of chlorotic leaf 
spots. With longer exposure to Al, the chlorotic spots expand, leaves wither, and 
leaf tips become necrotic (Zhang and Taylor, 1988).
Mechanisms of Al toxicity have not been investigated widely in rice, but have 
been studied extensively in other crops. Toxic Al displaces Ca from the transport 
channels or surface ligands (Cramer et al., 1985; Caldwell, 1989). In Al sensitive 
cultivars, Ca uptake is inhibited more by Al than in Al tolerant cultivars (Ryan and 
Kochian, 1993). Plant growth in general depends on relatively high levels of 
external Ca (Hanson, 1984). Based on the displacement hypothesis, high levels of 
Ca can reduce the toxicity induced by Al, as well as toxicities due to H and Na 
(Foy 1984; Hanson, 1984). However, other cations, such as Si, also alleviate Al 
toxicity and in some cases more effectively than Ca (Wallace, 1992; Kinraide et al., 
1992). These cations may displace the toxic cation from an essential Ca binding 
site, however, the Ca occupancy of the site would still be depressed.
Effects of Al on various physiological and biochemical processes in plants have 
been described (Foy et al., 1978; Roy et al., 1988; Taylor, 1987). Aluminum has 
been recognized to inhibit cell division (Clarkson, 1965; Morimura et al., 1978) and 
nucleic acid metabolism (Sampson et al., 1965; Matsumoto, 1988; Matsumoto and 
Morimura, 1980). The direct inhibition of cell division as a result of Al-DNA/RNA 
binding requires high concentrations of toxic monomeric Al species (Tepper et al.,
1989). At moderate Al concentrations, inhibition of cell elongation is the primary 
event. As a result, cell division is arrested. Aluminum also disturbs uptake and 
transport of phosphate and calcium (Clarkson, 1966; Cumming et al., 1985; 
Matsumoto and Yamaya, 1986; Bengtsson et al., 1988; Godbald et al., 1988).
Siegel and Haug (1983) reported that Al binds to calmodulin, a 17 kd protein that 
serves as a calcium sensor in nearly all eukaryotic cells. The binding induces
conformational changes and consequently reduces its activity. Aluminum also 
binds to cell membranes causing functional and structural changes (Wagatsuma et 
al., 1987; Kinraide, 1988; Matsumoto, 1988; Missiaen et al., 1989). Inhibition of 
signal transduction by Al has also been reported (Miller et al., 1989). These 
studies demonstrate that Al toxicity affects a wide range of physiological and 
biochemical activities in cells.
Theoretical basis for somaclone evaluation
Somaclones have been utilized as a source of genetic variability in many crops. 
Somaclonal variation arises from spontaneous genetic changes that occur during the 
plant cell and tissue culture cycle in the absence of mutagenic treatments 
(Gottschalk, 1987). The genetic changes can result from gross modification of 
either the nuclear or organelle genome, or from more specific events, such as small 
rearrangements and point mutations. They may, therefore, affect both single gene 
and multigenic traits. Whether mutations found in somaclones are quantitatively or 
qualitatively different from those produced by conventional means remains unclear. 
However, there is a report indicating higher incidence of dominant and codominant 
mutations in somaclones compared with that in radiation or chemically induced 
mutants (Larkin et al., 1981).
Diverse phenotypic variation has been observed in rice somaclones (Nishi et 
al., 1968; Henke et al., 1978; Oono, 1978a,b). Even though the changes in 
economically important traits were mostly deleterious (Sun, 1980; Sun et al., 1981), 
useful somaclones have been recovered and characterized in many plants. They 
include tolerance to acifluorfen, paraquat, and diquat in eastern black nightshade,
Solatium ptycanthum (Yu and Masiunas, 1992), overproduction of free proline in 
Brassica juncea L. (Jain et al., 1991), insensitivity to abscisic acid in wheat (Lu et 
al., 1991), and resistance to Fusarium oxysporum race 2 in celery (Heath-Pagliuso 
et al., 1989). Since somaclonal variability produces a wide range of genetic 
alterations, such variability may provide a source of germplasm possessing 
improved Al tolerance.
Theoretical basis for in vitro screening of suspension cells
Suspension cells are inherently heterogeneous (Cullis, 1991; Warren, 1991) and 
therefore are another potential source of Al tolerant plants. The heterogeneity can 
be genetic, epigenetic, or physiological (Berlyn et al., 1990). Genetic variation is 
usually not readily reversible, more stable, but less frequent than epigenetic or 
physiological variation. It is unclear whether the amount of genetic variation in 
suspension cultures can be increased by mutagenic treatments. There is, however, 
some evidence that useful traits can be recovered through in vitro screening of cells 
that have been pretreated with mutagens (Gosal and Bajaj, 1984; Sumaryati et al., 
1992). Dissimilarities in the original explants from which cultures are initiated may 
also contribute to this heterogeneity, as can subsequent culture media and 
environments. Most of the variation, however, appears to occur in vitro during the 
culture process (Scowcroft and Larkin, 1988; Lee and Phillips, 1987). 
Dedifferentiation, rejuvenation, or redifferentiation may contribute to the amount 
and type of variability, which may be either transient or persistent (Berlyn et al.,
1990). Fukui (1983) has shown that sequential mutations can occur during the
culture period. Analysis of progenies from regenerated plants showed that each 
mutation was independently induced and accumulated over preexisting ones.
In vitro screening of suspension cells and protoplasts involves cellular level 
selection. A basic requirement for utilizing cellular selection for varietal 
improvement is that the character of interest be expressed at the cellular level. 
Traits that are not strictly cellular, but reflect an integrated process of many plant 
functions or organizational complexities beyond the cell level, are less amenable to 
selection in culture. Also, selection may not be effective for traits that are cellular 
in nature but developmentally regulated. Finally, to be agronomically useful, the 
selected traits must be expressed by plants derived from the selected cells, and be 
stable and heritable.
Cellular level selection has been utilized in recent years for plant improvement. 
Several agronomically useful and stable traits have been isolated, recovered, and 
characterized. They include herbicide resistance (Chaleff, 1983; Anderson et al., 
1984; Chaleff, 1988; Saunders et al., 1992), salt tolerance (Winicov, 1991) disease 
resistance (Fadel and Wenzel, 1993), and cold tolerance (Chen and Gusta, 1986).
Aluminum tolerance has been shown to have at least a partial cellular basis. 
Studies have shown that whole plant tolerance to Al is maintained at the callus 
level (Parrot and Bouton, 1990) and cells selected for Al tolerance give rise to Al 
tolerant plants (Foy et al., 1978; Meredith, 1978; Haug, 1984; Conner and 
Meredith, 1985). Despite reports that Al toxicity affects a wide range of 
physiological and biochemical activities in cells, as yet, a single tolerance 
mechanism on which cellular level selection could focus has not been identified.
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Improvements in Al tolerance through in vitro screening have nevertheless been 
achieved in tobacco (Conner and Meredith, 1985), carrot (Arihara et al., 1991), 
and barley (Miller et al., 1989).
Theoretical basis for in vitro screening of protoplasts
Protoplasts are plant cells that lack cell walls. Protoplasts of higher plants 
were isolated enzymatically for the first time using filtrates of a cellulolytic fungus 
Myrothecium verrucaria (Cocking, 1960). Commercially available cell 
wall-degrading enzymes are now routinely used to isolate large quantities of 
protoplasts from a wide variety of plant tissues (Isshi, 1989). These enzymes can 
be divided into three classes based on their activities; cellulases, hemicellulases, and 
pectinases. Successful protoplast culture and plant regeneration are determined in 
part by the purity of the enzyme preparations employed.
Since the first report on successful regeneration of tobacco plants from 
protoplasts (Takebe et al., 1971), considerable progress has occurred in this area, 
including plant regeneration from protoplasts of important food crops. The first 
regeneration from rice protoplasts was reported by Fujimura et al. (1985) using the 
japonica cv. Taipei 309. Success later extended to indica types that were 
previously regarded as recalcitrant, including Chinsurah Boro II (Datta et al., 1990), 
IR 54 (Lee et al., 1989), IR 58 (Torrizo and Zapata, 1992) and IR 72 (Datta et al., 
1992). Recently, plant regeneration from protoplasts of the commercial U.S. rice 
cultivars Lemont, Maybelle, Cypress, Lacassine, and Mercury has been obtained in 
our laboratory (Utomo et al., 1994).
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Special culture methods, such as nurse cultures (Kyozuka et al., 1987; 
Shimamoto et al., 1989), feeder layers (Lee et al., 1989), high oxygen atmospheres 
(d’Utra-Vas et al., 1992), and the use of the high amino acid content AA medium 
for 3-4 days prior to protoplast isolation (Su et al., 1992), have improved plating 
efficiencies. Plating efficiency is expressed as a percentage and is defined as the 
number of colonies formed per number of protoplasts initially plated in a one-mm3 
agarose block. In addition to synchronized protoplast growth, a high plating 
efficiency is important for in vitro screening of protoplasts. Plating efficiencies as 
high as 10% have been reported for rice (Fujimura et al., 1985). From an in vitro 
screening perspective, individual protoplasts can be uniformly exposed to selective 
agents and individual protoplasts give rise to discrete cell colonies originating from 
a single original cell. This latter factor is important in avoiding the production of 
chimeric cell aggregates during selection.
A range of studies demontrates that tissue culture approaches can yield Al 
tolerant plants ( Foy et al., 1978; Haug, 1984; Conner and Meredith, 1985) but to 
date this has not been reported for rice. The objectives of this dissertation were to 
(1) develop improved Al tolerant rice through somaclone evaluation and in vitro 
screening, (2) compare levels of Al tolerance in regenerated plants obtained through 
different methods, and (3) characterize the genetics of the Al tolerance trait 
identified through somaclone evaluation.
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CHAPTER II
SOMACLONAL VARIABILITY FOR ALUMINUM 
TOLERANCE IN RICE
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INTRODUCTION
Rice is a major crop in the world with a total production of 520 million metric 
tons per year, nearly all of which is consumed by humans. It provides 25-80% of 
the calories in the daily diets of 2.7 billion Asians, representing approximately half 
of the world’s population (White, 1994). Rice is cultivated under various 
conditions, including upland, shallow flood, and deep water environments, and in 
soils with a pH range of 3.5-9.5 (Khush, 1984). Increasing demands for rice due to 
population growth have resulted in expansion of rice production towards more 
acidic land. Sanchez and Salinas (1981) estimated that a total of 1.6 billion 
hectares of land can be classified as acidic worldwide. Under acidic conditions, the 
availability of phosphorus (P), calcium (Ca) and magnesium (Mg) decreases and A1 
as well as manganese (Mn) become more available and toxic to the plant.
Somaclones have been utilized as a source of genetic variability in many crops. 
Rice somaclones have exhibited diverse variation including changes in plant height, 
fertility, flowering date, disease resistance, and chloroplast content (Oono, 1978a,b); 
as well as the number of tillers per plant, number of fertile tillers per plant, panicle 
length, plant stature, and flag leaf length (Nishi et al., 1968; Henke et al., 1978). 
Somaclonal variability for improved Al tolerance in rice has not been previously 
reported.
Several studies on Al tolerance have utilized screening methods involving 
exposure to solutions containing toxic concentrations of Al (Duncan et al., 1983; 
Hill et al., 1989; Ritchey et al., 1989). Levels of Al tolerance can be assessed
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based on the root length of seedlings grown in Al solution (Sangalang and 
Bouwkamp, 1988; Howeler and Cadavid, 1976; Malavolta et al., 1981). In rice, Al 
sensitivity is highest at the seedling stage (Jan, 1993).
Stable Al tolerance has been reported from cellular selection using Nicotiana 
plumbaginifolia Viv. and the trait in resulting plants followed a single dominant 
gene model (Conner and Meredith, 1985). In other genetic studies, Al tolerance 
was determined by different types of genes, and the mode of inheritance ranged 
from single to more complex gene models (Kerridge and Kronstad, 1968; Camargo, 
1981; Champbell and Lefever, 1981; Briggs and Nyachiro 1988; Bona et al., 1994).
The objectives of this study were to evaluate rice somaclones for improved Al 
tolerance and determine the genetic basis of the Al tolerance trait.
MATERIALS AND METHODS
Preliminary studies were conducted to determine an appropriate screening 
method to identify putative Al tolerant individuals within the available somaclone 
populations. Factors evaluated, separately and in combination, included the 
concentration of A12(S04)316H20 , CaS04, and benomyl (Benlate) fungicide, as well 
as the pH and germination period. Each experiment was repeated at least three 
times.
A total of 9,000 rice somaclones from the population accumulated at the Rice 
Research Station, Louisiana State University Agricultural Center, Crowley, LA, 
were screened for Al tolerance. The somaclones were derived from immature
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panicle culture of the U.S. rice cultivars Lemont (4,134 lines), Tebonnet (2,367 
lines), Mars (876 lines), and Mercury (1,623 lines). Seed used for screening was 
second generation seed (R2’s) from field grown material. The screening solution 
developed from preliminary experiments contained 0.1 mM CaS04, 0.25 gL'1 
benomyl (Benlate) fungicide, and 200 uM Al added as A12(S04)3T6H20  and a pH 
adjusted to 4.0. Ten seeds from each somaclone were placed in a 100x15 mm 
disposable plastic Petri dish containing 20 mis of screening solution and germinated 
in the dark at 25°C. The primary root of individual seedlings was measured at day 
11 to determine the relative root length (RRL) used to rank the somaclones.
Relative root length was calculated as (Rs/Rp)xl00, where: Rs = root length of 
somaclone seedling and Rp = root length of seedlings of parental cultivar from 
which the somaclone was derived.
The top 500 lines were identified and further evaluated by germinating 
additional seed of those lines in the screening solution in 5 replicate dishes. The 
top 100 lines from this test were in turn subjected to two different Al 
concentrations, 200 and 300 uM, with 7 replications at each concentration.
To develop material for studying the genetics of Al tolerance, the four most 
tolerant lines were crossed with the parental lines from which they were derived. 
Segregation ratios were determined by germinating the resulting F, and self seeds in 
the 200 uM Al screening solution described above.
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RESULTS AND DISCUSSION
Screening procedure
Calcium (Ca) was used during germination to maintain membrane integrity 
(Epstein, 1972). The effects of Ca at different concentrations on the root length of 
11 day old rice seedlings germinated in 200 uM Al solution is presented in Figure 
la. Even at low concentrations Ca had an ameliorating effect on Al toxicity and a 
concentration of 0.1 mM CaS04 was chosen for screening experiments. A 
reduction of root growth is the primary observable effect of Al toxicity (Zhang and 
Taylor, 1988) and a common and simple method to assess the toxic effect of Al is 
measuring the length of the primary root. The relationship between root length and 
root fresh weight was evaluated (data not shown). The correlation coefficient for 
these two variables was 0.77 (p=0.001), indicating a close relationship. 
Remeasurement of pH at day 11 indicated that pH remained relatively constant, 
ranging from 3.8 to 4.4 (data not shown). Since fungal contamination was a 
problem, Benlate fungicide was added to the screening solution. A concentration of 
0.25 gL'1 reduced contamination (Figure lb) but did not affect seedling root growth 
(Figure lc).
A range of Al concentrations was evaluated to determine an appropriate 
concentration for screening. The screening solution contained 0.1 mM CaS04and 
0.25 gL'1 Benlate fungicide with a final pH adjusted to 4.0. The effect of different 
Al concentrations on the root length of seedlings is presented in Table 1. With the 
exception of Mercury, even low concentrations of Al had a negative effect on root
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Figure 1. A. Effect of calcium sulfate on root length of rice seedlings germinated 
in 200 uM Al; B. effect of benomyl (Benlate) fungicide on percent 
contamination; and, C. effect of benomyl (Benlate) fungicide on root 
length of 11 day old seedlings.
26
Table 1. Mean root length of four rice cultivars after germination for 11 days at
various Al concentrations.
Al Mean root length (mm)a
conc. (uM) ___________________________________________________
Tebonnet Mars Lemont Mercury
0 8.6 a 18.3 a 7.0 a 11.2 abc
1 8.3 a 9.5 be 5.9 a 13.3 ab
5 6.3 ab 10.0 b 6.4 a 11.3 abc
10 7.2 ab 6.9 bed 6.5 a 12.0 abc
20 5.2 bed 9.5 be 6.6 a 15.8 a
50 6.7 abc 7.1 bed 3.6 b 9.4 bed
100 4.6 cd 6.9 bed 2.6 be 6.6 cde
200 3.0 de 3.9 cd 2.6 be 4.1 de
500 1.3 e 2.6 d 0.6 d 1.9 e
1,000 1.3 e 2.8 d 1.2 cd 2.7 e
a Values within a column with the same letter are not different at the 0.05 
probability level based on Waller-Duncan K-ratio t-test.
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growth, though not statistically different from the control. Statistically significant 
differences in root growth occurred at higher concentrations. At 200 uM Al root 
length was reduced 62-79%, and this concentration was chosen for screening 
purposes. Observation of root length after 11 and 15 days incubation at various Al 
levels indicated that treatment effects were consistent over time (Figure 2). A 
shorter period of treatment was preferable due to the large number of entries to be 
evaluated.
Somaclone evaluation
The performance of 9,000 somaclones after germination in 200 uM Al for 11 
days is presented in Table 2. Six percent of the lines had a RRL greater than their 
parental checks. The results of the replicated evaluation of the best 500 of these 
lines are presented in Table 3. The cultivar Lemont appeared to differ from the 
other cultivars used with respect to the production of somaclones with increased Al 
tolerance. Despite the high number of entries (4,134 lines), no entries with RRL 
exceeding 140% were found among somaclones derived from this cultivar. In 
contrast, 7, 12, and 5 lines with RRL exceeding 140% were recovered from 
Tebonnet, Mercury, and Mars, respectively, representing 0.30, 0.74, and 0.57% of 
the total somaclone populations from these cultivars.
From a ranking based on RRL, the best 100 lines were selected. These 
somaclones were germinated at two different Al concentrations (200 and 300 uM) 
and the top four lines at both concentrations identified (Table 4). Lines SC-121 
and SC-124 ranked first and second, respectively, at both concentrations. Line
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Figure 2. Mean root length of seedlings of four cultivars 
germinated in ten Al concentrations at day 11 and 15.
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Table 2. Distribution of relative root length (RRL) of seedlings of 9,000 rice
somaclones after germination in 200 uM Al for 11 days.
Cultivar from which somaclone was derived
RRL (%) Lemont Tebonnet Mercury Mars
No. % No. % No. % No. %
< 20 2922 70.6 1234 52.2 890 54.8 435 49.7
20-39 197 4.7 368 15.5 276 17.0 209 23.9
40-59 288 7.0 397 16.8 154 9.5 63 7.2
60-79 293 7.1 176 7.4 188 11.6 122 13.9
80-99 171 4.2 52 2.2 45 2.8 10 1.1
100-119 207 5.0 82 3.5 38 2.3 19 2.2
120-139 56 1.4 50 2.1 21 1.3 10 1.1
> 140 0 0 8 0.3 11 0.7 8 0.9
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Table 3. Distribution of relative root lengths (RRL) of seedlings of 500 selected
rice somaclones after germination in 200 uM Al for 11 days8.
Cultivar from which somaclone was derived
RRL (%) Lemont Tebonnet Mercury Mars
No. % No. % No. % No. %
< 20 3 1.1 0 0 0 0 1 3.0
20-39 39 14.9 4 2.9 1 1.5 0 0
40-59 3 1.1 0 0 6 8.8 0 0
60-79 33 12.6 12 8.8 6 8.8 3 8.8
80-99 16 6.1 10 7.3 8 11.8 13 38.2
100-119 130 49.8 74 54.0 25 36.8 12 35.3
120-139 37 14.2 30 21.9 10 14.7 0 0
> 140 0 0 7 5.1 12 17.6 5 14.7
8 based on 5 replicate dishes per somaclone
31
Table 4. Ranking of seedling root length of 100 selected somaclones after
germination in 200 uM and 300 uM Al for 11 days\
Soma­
clone
Rank (RRL)
Soma­
clone
Rank (RRL)
Soma­
Rank (RRL)
200
uM
300
uM
200
uM
300
uM
clone 200
uM
300
uM
121 1 1 771 35 63 4169 69 35
124 2 2 1467 36 84 734 70 62
1552 3 4 478 37 49 7645 71 50
5756 4 3 980 38 64 578 72 51
623 5 7 7921 39 52 539 73 85
1123 6 5 3689 40 39 7721 74 76
24 7 19 2278 41 53 453 75 97
456 8 8 1902 42 59 454 76 60
45 9 6 4512 43 66 7832 77 77
67 10 73 3672 44 44 4920 78 45
678 11 12 451 45 31 4602 79 78
69 12 9 6732 46 46 2109 80 61
7694 13 10 2901 47 48 4589 81 81
657 14 41 897 48 65 2356 82 37
3672 15 20 99 49 98 3450 83 67
44 16 11 5478 50 58 6001 84 82
589 17 13 6721 51 83 5882 85 86
1125 18 14 4423 52 95 3312 86 79
2312 19 21 6317 53 47 210 87 90
8977 20 22 4362 54 54 789 88 96
453 21 15 4523 55 32 921 89 36
5363 22 16 1289 56 33 5289 90 80
4367 23 23 34 57 55 7603 91 56
156 24 24 1783 58 99 4401 92 57
1903 25 26 2398 59 74 5026 93 38
7803 26 25 4552 60 75 675 94 87
6611 27 27 897 61 70 3427 95 94
5432 28 17 6511 62 42 635 96 93
3754 29 29 7246 63 68 1376 97 100
2567 30 18 4571 64 69 3352 98 91
2533 31 28 3612 65 88 5243 99 89
4113 32 40 7782 66 71 1190 100 72
6322 33 92 562 67 34
1892 34 30 792 68 43
a based on 7 replicate dishes
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SC-1552 ranked third and fourth, respectively, at 200 and 300 uM, and line 
SC-5756 ranked fourth and third at these concentrations. SC-121 and SC-124 were 
derived from Mercury, SC-1552 was derived from Mars and SC-5756 was derived 
from Tebonnet. The root length of the most tolerant line was 50% greater than the 
root length of the cultivar from which it was derived following germination in 200 
uM Al solution.
Genetics of Al tolerance
Segregation ratios for Al tolerance of the four most tolerant lines are 
presented in Table 5. The genetics for Al tolerance in SC-121 fits well with a 
single dominant gene model. The R2 plant used in this study was heterozygous. 
Genetic data for the remaining three somaclones, however, was less conclusive 
from this study. Segregation ratios for Al tolerance in both F /s  and selfs of SC- 
124, SC-1552, and SC-5756 do not fit well with any known Mendelian ratios. 
Because of higher ratios for tolerance compared to sensitivity, the Al tolerance in 
SC-124 and SC-1552 was possibly governed by more than one dominant gene, 
although in the case of SC-124, one might argue that it could be determined by a 
single dominant gene. The intermediate Al tolerant level observed might be 
misclassification of what actually either tolerant or sensitive responses. In addition, 
the somaclones might undergo slower root growth regardless the toxic effect of Al. 
Since the genetic modes for Al tolerance possibly varied among the lines studied, 
they might have different genes for Al tolerance. If this is the case, perhaps they 
could be combined to obtain higher levels of tolerance.
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Table 5. Segregation ratios for Al tolerance (Al-T), intermediate Al tolerance 
(Al-I), and Al sensitivity (Al-S) in selfed seed of the Al tolerant 
somaclones SC-121, SC-124, SC-1552, and SC-5756, and in F! progeny 
from crosses with the respective cultivar from which they were derived.
Cross
Number of seedlings
Expected
value
t
value*Al-T Al-I Al-S
SC-121:
Cross 104 0 96 1:1 0.32 ns
Selfing 146 0 54 3:1 0.43 ns
SC-124:
Cross 109 0 91 1:2:1 203.24 **
Selfing 117 69 14 9:6:1 0.84 ns
SC-1552:
Cross 189 0 11 -
Selfing 193 0 7 -
SC-5756:
Cross 124 0 76 1:1 11.52 **
Selfing 157 0 43 3:1 1.30 ns
“Critical value for X2(1,o.os) and 5C2<2,o.os> are 3.84 and 5.99, respectively.
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CHAPTER IH
IN VITRO SCREENING OF RICE SUSPENSION CELLS FOR 
ALUMINUM TOLERANCE
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INTRODUCTION
Many rice producing countries in the tropics face increasing pressure to utilize 
more acidic, less fertile lands. Sanchez and Salinas (1981) estimate that 1.6 billion 
hectares of land are dominated by acidic soils. Under acidic conditions, aluminum 
(Al) becomes toxic to rice. Flooding rice raises the soil pH and alleviates the 
problem. However, upland rice and seedling growth during pre-flood stand 
establishment are susceptible to injury from Al toxicity in acid soils. A possible 
solution to the problem would be Al tolerant rice. However, rice cultivars with 
sufficient tolerance to Al-acidic soils have yet to be developed.
Aluminum tolerance has been shown to have at least a partial cellular basis 
(Meredith, 1978; Parrot and Bouton, 1990) and cells selected for Al tolerance have 
been shown to give rise to Al tolerant plants (Foy et al., 1978; Meredith, 1978; 
Haug, 1984; Conner and Meredith, 1985). In rice, cellular selection to improve Al 
tolerance has not been previously reported.
The objectives of this study were to isolate Al-tolerant cells from suspension 
cultures, to regenerate plants from the selected cell lines, to evaluate the effects of 
utilizing a chemical mutagen (EMS) in this process, and to evaluate the Al 
tolerance levels of progeny from regenerated plants developed from Al-tolerant 
cells.
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MATERIALS AND METHODS
Suspension cells
A suspension culture of the U.S. rice cultivar Mercury was developed as 
described in chapter IV, using a modified General Medium (Chen, 1986). 
Suspensions were subcultured every 7 days by decanting and replacing the spent 
medium in each flask with fresh medium. At the beginning of each experiment, 
cells were bulked from different flasks and thoroughly mixed to provide a 
homogenous tissue inoculum. Experiments were conducted using 3.0 grams of 
suspension cells inoculated into a 250 ml flask containing 50 mis of liquid medium, 
unless stated otherwise. Treatments were incubated at 25° C on a gyratory shaker at 
100 rpm under a fluorescent light intensity of 1,600 lux with a 16:8 hr light:dark 
cycle.
Plant regeneration
To regenerate plants, cell clumps were transferred to N6-regeneration 
medium, containing N6 medium salts (Chu et al., 1975) and 30 gL'1 sorbitol, 20 
gL'1 sucrose, 0.5 gL'1 casein acid hydrolysate, 7 gL'1 ultra pure DNA grade agarose 
(Bio-Rad), 2 mgL'1 6-benzylaminopurine (BAP), and 0.5 mgL'1 naphthaleneacetic 
acid (NAA) at pH 5.8, and placed under 1,800 lux of fluorescent light. After 1 
month, small plantlets that formed were transferred to MS medium (Murashige and 
Skoog, 1962) with 20 gL'1 sucrose and 2.5 gL'1 gelrite, a pH of 5.8, and no growth 
regulators. Calli that had not yet developed plants were subcultured to fresh 
regeneration medium to encourage plantlet formation.
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Regenerated plants were transferred to soil in 20 cm pots, placed in the 
greenhouse, flooded with water, and grown to maturity. Seed from each 
regenerated plant was harvested separately, dried, threshed, and stored at -20° C. 
Progeny seedling performance from each plant was used to determine levels of A1 
tolerance.
Screening procedure
The pH of the screening medium was adjusted to 4.0 to increase A1 toxicity.
At this pH, however, A1 cannot be added to complete nutrient medium because 
precipitation will occur. Conner and Meredith (1985) and also Kamp-Glass et al. 
(1993) suggested altering the complete medium when adding Al by lowering the 
concentration of phosphate to 10 mM, calcium to 0.1 mM, using unchelated iron, 
and adjusting the pH to 4.0. However, because P and Ca concentrations in the 
modified medium are so low, subculture every two days is required to maintain 
normal growth. For large-scale in vitro screening, this method is prohibitively 
labor intensive. The alternative of simply exposing cells to Al in a low pH 
minimal medium, specifically a 30 gL'1 sucrose solution, was explored.
To determine whether a minimal medium could be used during a selection 
cycle with Al, short term cell growth in a complete nutrient medium (MGM) was 
compared with that in a 30 gL'1 sucrose solution at two pH levels (5.8 and 4.0) in a 
completely randomized experimental design with 7 replications. Cell fresh weight 
of each suspension culture was aseptically measured weekly for three weeks. 
Regeneration rates, determined as the number of calli giving rise to plantlets per
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number of initial calli plated, times 100, were measured based on a sample of 20 
calli taken from each flask after 2 months in culture.
Seven-day exposure to six Al concentrations, 0, 0.5, 1, 5, 10, and 20 mM, was 
evaluated to determine an appropriate concentration for screening. Al was added as 
Al2(SO4)3T6H20 to a 30 gL'1 sucrose solution with final pH adjusted to 4.0. Three 
additional media used as controls were MGM with pH of 5.8, MGM with a pH of 
4.0, and a 30 gL'1 sucrose solution with pH of 5.8. Cell fresh weight was 
aseptically measured daily.
After 7 days, the cells were washed with sterile distilled water three times and 
plated onto solidified recovery medium lacking Al to promote recovery and growth 
of surviving cells. This recovery medium (RM) was N6-regeneration medium 
without growth regulators. Plates were incubated in the dark at 25° C for 3 weeks 
and the number of surviving colonies determined.
Surviving colonies were used to examine the stability of Al tolerant variants. 
Surviving cell clumps were divided in half and one portion was used to develop a 
new suspension culture in MGM medium. After 4 weeks, the cells were re-exposed 
to 20 mM Al for 3 weeks with subculture to fresh medium and measurement of cell 
fresh weight weekly. The other portion of the surviving cell clump was plated onto 
a membrane raft (Sigma Co.) floated on 50 mis of modified N6 medium containing 
20 mM Al in a Magenta culture vessel (Sigma Co.) for 7 days. The liquid N6 
medium was modified based on the methods of Conner and Meredith (1985) by 
lowering the concentrations of phosphate and calcium to 10 mM and 0.1 mM,
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respectively, and adjusting the final pH to 4.0. At the end of the culture period, the 
number of growing colonies was assessed.
Stepwise cell selection
A sequential approach to cell selection also was evaluated to determine 
whether exposing selected cells to a second Al treatment for a longer period might 
yield higher levels of Al tolerance. Two different Al concentrations were used for 
a 4 day exposure, either 10 mM, designated as 10(4d), or 20 mM Al, designated as 
20(4d). The same concentrations of Al were also utilized for an exposure period of 
7 days, designated as 10(7d) and 20(7d). Following exposure to Al the cells were 
transferred to RM. After 3 weeks on RM, surviving cell clumps were used to 
inoculate suspension cultures in MGM. Three weeks later, part of the 10(4d) and 
20(4d)-derived cultures were returned to the same Al concentrations for an 
additional 7 days. After three weeks on RM, surviving calli exhibiting Al tolerance 
were used to develop new suspension cell lines designated as 10(4d,7d) and 
20(4d,7d).
To determine whether survival rates varied between the various treatments, the 
resulting cell lines were reexposed to Al. Each of the six cell lines described above 
and the non-selected control was divided equally and transferred to 3 media with 
final pH adjusted to 4.0: MGM, 30 gL'1 sucrose solution supplemented with 10 mM 
Al, and 30 gL'1 sucrose solution supplemented with 20 mM Al. After 1 week of 
culture, cells were plated onto RM lacking Al to assess the number of surviving 
colonies.
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Large-scale in vitro screening
For large-scale cell selection, six different exposure regimes of 10(4d), 10(7d), 
10(4d,7d), 20(4d), 20(7d), and 20(4d,7d) were used. A total of 75 suspension 
flasks were initiated from a homogenous inoculum of bulked cells. Since the 
amount of tissue approximately tripled each week, the bulked cells from 25 flasks 
produced sufficient inoculum for 75 new flasks. Fifty flasks were therefore 
available at each subculture to use for screening. There were 6 cycles of in vitro 
selection conducted using 4 days of exposure to 10 mM Al, 6 cycles utilized 7 days 
of exposure to 10 mM, 9 cycles utilized 4 days of exposure to 20 mM, and 60 
cycles utilized 7 days of exposure to 10 mM. A total of approximately 12 Kg of 
tissue was therefore screened during 81 screening cycles. Six cycles of stepwise 
selection were conducted by exposing calli surviving exposure to 10 mM for 4 days 
to an additional 7 days of the same concentration of Al, [10(4d,7d)] and 12 cycles 
were conducted by exposing calli surviving exposure to 20 mM Al for 4 days to an 
additional 7 days of exposure, [20(4d,7d)]. A total of nearly 2.8 Kg of tissue was 
therefore utilized for stepwise screening. Stability of the apparent tolerance among 
surviving calli was tested as previously described. Cell lines that did not 
consistently show tolerance to Al were discarded, while consistently tolerant cells 
were transferred to N6-regeneration medium. Resulting plantlets were transferred 
to the greenhouse to produce seed.
To evaluate Al tolerance at the plant level, progeny seed from each 
regenerated plant was germinated in the dark at 25°C in 100x15 mm plastic Petri
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dishes containing 20 mis Al solution consisting of 200 uM Al, 10 mM CaS04, 0.25 
gL'1 benomyl (Benlate) fungicide, with a final pH adjusted to 4.0. After 11 days 
the length of the primary root was measured.
Ethyl methanesulfonate (EMS) pretreatment
Prior to Al treatment, 30 g of suspension cells were exposed to 0.1% EMS for 
0, 1, 2, 3, or 4 days. The cells were then washed with sterile water 3 times and 
divided among 10 fresh sterile flasks containing 50 mis of MGM. After 4 
subsequent weekly subcultures, 30 g of cells were exposed to 20 mM Al for 7 days 
before plating onto RM. This experiment was repeated 6 times. Following three 
weeks on RM, the number of surviving colonies was determined. Stable Al cell 
variants were transferred to N6-regeneration medium. Plantlets that formed were 
grown to maturity in the greenhouse. Seed from the regenerated plants was used to 
determine Al tolerance as previously described.
RESULTS AND DISCUSSION
Screening procedure
The culture of cells in a low pH sucrose solution reduced growth and 
regeneration, but not severely during the first week. Figure 3a shows that cell 
growth was reduced by 10, 20, and 43% when cells were cultured in sucrose 
solution for 1, 2, and 3 weeks, respectively. Examination of regeneration rates 
indicated that they were not affected during the first week, but rapidly declined 
after that (Figure 3b). After 3 weeks in sucrose solution, the regeneration rate was 
reduced to 38%. These results indicated that cells could be cultured for a week in
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Figure 3. Comparison of Modified General Medium (MGM) to 3% (w/v) sucrose 
solution (S) on (A) cell growth and (B) regeneration rate of suspension 
cells with weekly subculture. Increase in cell fresh weight was 
determined based on the ratio between cell weight at the end and 
beginning of each subculture, times 100. Regeneration rates were 
determined based on the number of calli giving rise to plantlets per 
number of initial calli plated, time 100. Bars indicate standard errors of 
the means.
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sucrose solution without significant loss of regeneration capacity. Lowering the pH 
from 5.8 to 4.0 in the absence of Al did not appear to affect regeneration rates 
(Table 6). For large scale in vitro screening, a maximum of one-week of exposure 
to Al in acidified sucrose solution was therefore adopted.
Al concentration in the screening solution
The response of suspension cells to different Al concentrations is presented in 
Figure 4. As Al concentrations increased, the cell growth decreased. Cells ceased 
to grow and some turned necrotic at 10 mM Al. Similar effects were induced by 
the 20 mM treatment. Aluminum effects were evident as early as 3 days after 
treatment.
Microscopic examination revealed that many cells were broken, wrinkled, or 
collapsed.
When Al-treated cells were plated onto RM to recover, the toxic effects of Al 
were apparent (Table 7). Survival rates decreased as Al concentration increased.
The number of surviving colonies recovered from 0.5, 1, and 5 mM Al treatment 
was 58, 36, and 5, respectively. Using S-4.0 as a control, survival with 10 and 20 
mM Al treatments was essentially one per 3,965 and 2,265 calli, respectively.
Stability of the selected cells was evaluated. Selected cells surviving exposure 
to 20 mM Al for 7 days maintained a higher growth rate than non-selected cells 
when cultured in sucrose solution containing 20 mM Al (Figure 5). The selected 
cells also maintained a 90% survival rate when re-exposed to 20 mM Al for 7 days 
(Figure 6) indicating that most of the selected cells were apparently stable.
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Table 6. Regeneration rates of Mercury cells after culture for one week in complete 
medium (Modified General Medium) and minimal medium (30 gL'1 
sucrose solution).
Medium pH Regeneration Rate (%)a
MGM 5.8 88 a
4.0 84 a
Minimal 5.8 87 a
4.0 90 a
a Values followed by the same letter were not significantly different at the 1% 
probability level based on Duncan’s test.
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Figure 4. Growth of Mercury cell line in 4 control media without Al, a complete 
Modified General Medium with pH of 5.8 (MGM-5.8) and 4.0 (MGM- 
4.0), and sucrose solution with a pH of 5.8 (S-5.8) and 4.0 (S-4.0), and 
in sucrose solution containing 0.5 (A-0.5), 1 (A-l), 5 (A-5), 10 (A-10), 
and 20 (A-20) mM Al. Initially 3 g of cells were used and the cell 
growth was determined as the fresh weight of cells on that day divided 
by initial weight, times 100.
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Table 7. Mean number of surviving colonies of Mercury after treatment with 0, 
0.5, 1, 5, 10, and 20 mM Al for one week.
Treatment8 Mean number of surviving colonies
MGM-5.8 1884.0
MGM-4.0 1834.0
S-5.8 1693.0
S-4.0 1586.0
A-0.5 58.4
A-1.0 36.2
A-5.0 4.8
A-10 0.4
A-20 0.7
8 MGM-5.8 and MGM-4.0 are a complete Modified General Medium with a pH of 
5.8 and 4.0, respectively. S-5.8 and S-4.0 are a sucrose solution (30 gL'1) with a 
pH of 5.8 and 4.0, respectively. A is sucrose solution (30 gL'1) with a pH of 
4.0, to which Al in mM amounts as indicated has been added.
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Figure 5. Growth of tolerant cells and non-selected control cells in the presence of 
20 mM Al with weekly subculture. Bars indicate standard errors of the 
means.
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Figure 6. Survival rate (%) of tolerant (TCL) and non-selected (NCL) cell lines 
after reexposure to 20 mM Al for 7 days.
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Stepwise cell selection
Stepwise exposure improved the rate of survival when cells were rechallenged 
with higher Al concentrations or longer periods of exposure to the same 
concentration (Table 8). The merit of stepwise cell selection was demonstrated by 
selections involving exposure to 10 mM Al. The survival rate of 10(4d,7d) cells 
was higher than that of 10(7d) after subsequent exposure to 20 mM for 4 and 7 
days. Stepwise selection has been widely used for in vitro screening of suspension 
cultures for many traits, (Hasegawa et al., 1980; Watad et al., 1983; Nafziger et 
al., 1984; Scheller et.al., 1987). In several cases, cells tolerant to extremely high 
levels of selective agents were obtained. However, in most cases they failed to 
regenerate plants from the tolerant cells following the extended culture periods 
required for stepwise selection. These studies underscore both the potential of 
stepwise selection as well as the importance of utilizing highly regenerable cultures 
in this procedure.
Distribution of Al tolerance levels among R, seedlings obtained from various 
methods
A total of 1,425 fertile plants and 77 sterile plants were regenerated from Al 
selected cells obtained from various Al treatments (Table 9). Utilizing seedling 
root growth as a measure, more than 39% of the progeny from plants regenerated 
from selected cells were less tolerant to Al than the progeny of plants regenerated 
from unselected cells (Table 10). However, more than 40% of the selected lines 
showed improvement. It appeared that the higher levels of Al tolerance
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Table 8. Comparison of percent survival of selected cells following reexposure to 
10 and 20 mM Al for various lengths of exposure.
Cell lines8
10 mM Al 20 mM Al
Period of reexposure (days)
4 7 4 
Percent Survival
7
Unselected 2.11 0.03 0.09 0.04
10(4d) 89 43 1.22 2.04
10(7d) 88 87 2.41 2.67
10(4d,7d) 92 93 17.52 15.13
20(4d) 95 89 83 50
20(7d) 93 89 87 90
20(4d,7d) 96 93 95 96
a 10(4d) and 10(7d) are tolerant cell lines obtained from 4 and 7 day exposures to 
10 mM Al, respectively. 20(4d) and 10(7d) are tolerant cell lines obtained from 
4 and 7 day exposures to 20 mM Al, respectively. 10(4d,7d) are tolerant cell 
lines obtained from stepwise exposure to 10 mM Al for 4 and 7 days. 20(4d,7d) 
are tolerant cells line obtained from stepwise exposure to 20 uM Al for 4 and 7 
days.
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Table 9. Number of dishes of plated cells, surviving colonies, and plants recovered 
from various Al treatments.
Ala
treatment
No. of 
plates
Surviving
colonies
Surviving
colonies/
plate
No. of
plants
recovered1
F S
Unselected 29 51,000b 1750° 11 0
10(4d) 92 169 1.837 71 0
10(7d) 87 9 0.103 82 0
10(4d,7d) 94 31 0.329 87 8
20(4d) 143 92 0.643 113 10
20(7d) 974 117 0.120 875 57
20(4d,7d) 181 22 0.121 197 2
a 10(4d) and 10(7d) are tolerant cell lines obtained from 4 and 7 day exposures to 
10 mM Al, respectively. 20(4d) and 10(7d) are tolerant cell lines obtained from 
4 and 7 day exposures to 20 mM Al, respectively. 10(4d,7d) are tolerant cell 
lines obtained from stepwise exposure to 10 mM Al for 4 and 7 days. 20(4d,7d) 
are tolerant cell lines obtained from stepwise exposure to 20 uM Al for 4 and 7 
days.
b an estimated value 
c calli subsampled for regeneration 
d F=fertile; S=sterile
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Table 10. Different screening procedures utilized and associated R, seedling root 
lengths after germination for 11 days in the presence of 200 uM Al.
Screening-
procedure8
No. of 
R, plants
0 1 2 3
Root length (mm) 
4 5 6 7 8 9 10 11
Unselected 11 0 0 0 1 3 6 1 0 0 0 0 0
10(4d) 71 16 1 3 5 23 10 8 1 3 1 0 0
10(7d) 82 9 5 14 1 18 2 17 6 6 3 1 0
10(4d,7d) 87 0 14 3 15 7 14 24 1 3 4 2 0
20(4d) 113 23 3 16 4 4 34 2 22 4 1 0 0
20(7d) 875 102 45 53 34 17 224 77 210 87 8 11 7
20(4d,7d) 197 2 4 12 67 44 7 21 18 1 13 8 0
8 10(4d) and 10(7d) are tolerant cell lines obtained from 4 and 7 day exposures to 
10 mM Al, respectively. 20(4d) and 10(7d) are tolerant cell lines obtained from 
4 and 7 day exposures to 20 mM Al, respectively. 10(4d,7d) are tolerant cell 
lines obtained from stepwise exposure to 10 mM Al for 4 and 7 days. 20(4d,7d) 
are tolerant cell lines obtained from stepwise exposure to 20 uM Al for 4 and 7 
days.
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corresponded to higher and longer selection procedures. Seven days of exposure to 
an Al concentration of 20 mM produced the most tolerant plants. The root length 
of 11-day old seedlings of the most tolerant line averaged twice that of the parental 
cultivar when germinated in an Al solution.
Regenerated plants with a wide array of Al tolerance levels were expected due 
to the possible chimeric cell clumps from which plants were regenerated. The 
overall relative frequency of seedling performance in the presence of 200 uM Al, 
regardless of the selection treatment procedure, is presented in Figure 7. With 
respect to Al tolerance, 20% of the regenerated plants were equivalent to the 
parental material. About 40% were less tolerant and about 40% more tolerant. The 
existence of less tolerant cells in selected cell variants is possible due to the 
phenomenon called cross protection (Warren, 1991). Cells lacking the ability to 
tolerate stress may still survive because of cross feeding and/or cross protection 
from neighboring tolerant cells.
Ethyl methanesulfonate (EMS) pretreatment
Incorporation of EMS to induce mutations increased cell survival rates 20-40 
fold (Table 11). There was a trend towards higher survival rates with longer 
periods of exposure. The highest recovery rate was obtained with the longest 
treatment period of 4 days. Higher survival rates did not, however, translate into 
higher regeneration rates. EMS treated calli transferred to regeneration medium 
developed plants more slowly than nontreated calli. Also, higher sterility rates, in
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Figure 7. Relative frequency of root length of 11 day old seedlings from 1,425 
plants after germination in 200 uM Al.
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Table 11. Effects of different exposure durations to 0.1% ethyl methanesulfonate 
(EMS) on survival rates of Mercury suspension cells following treatment 
with 20 mM Al for 7 days. Six replicates containing 5 g of cells each 
were used per treatment.
EMS No. survi- Survival
treatment ving calli rate
(days)
0 3 1.70X10-4
1 61 3.48x10 s
2 52 2.97x10 s
3 81 4.62x1O'5
4 128 7.31x10 s
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the range of 20-40%, were observed among regenerated plants from calli treated 
with EMS (Table 12).
Reports vary regarding the effectiveness of EMS pretreatments for in vitro 
selection. In the case of salt tolerance, several workers (Nabors et al., 1975;
Kochba et al., 1982; Van Swaaij et al., 1986) reported that EMS treatment did not 
result in higher recovery rates. Gosal and Bajaj (1984), however, reported 
otherwise. In the current study, the use of EMS increased survival rates, but 
reduced the rate of plant regeneration from selected cells and caused high levels of 
sterility.
Root lengths after germination in the presence of Al of progeny from 
regenerated plants pretreated with EMS are presented in Table 13. The levels of Al 
tolerance recovered following EMS treatment were essentially the same as that 
obtained without EMS treatment. This finding supports the conclusions of other 
workers regarding the use of EMS (Chaleff, 1981, 1983; Chaleff and Keil, 1981), 
which is that it appears unnecessary.
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Table 12. Effects of treatment duration with 0.1% EMS on fertility of regenerated 
plants (R0’s) from Al tolerant calli.
EMS treatment No. of Fertile Sterile Sterility
(days) Rc plants (%)
0 5 5 0 0
1 34 26 8 23.5
2 41 33 8 19.5
3 62 39 23 37.0
4 81 55 26 32.1
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Table 13. Distribution of root length following germination in 200 uM Al of 11 
day old seedlings of plants from tolerant calli pretreated with 0.1% 
ethyl methanesulfonate (EMS) for various durations.
EMS No. of Root length (mm)
treatment Rt plants
(days) 0 1 2 3 4 5 6 7 8 9 10 11
0 5 1 0 0 1 0 2 0 1 0 0 0 0
1 34 9 0 0 5 9 6 2 1 2 0 0 0
2 41 8 5 4 2 7 2 9 2 1 0 1 0
3 62 12 4 13 4 5 14 5 2 1 2 0 0
4 81 21 4 4 11 2 24 1 13 0 1 0 0
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CHAPTER IV
IN  VITRO  SCREENING OF RICE PROTOPLASTS FOR 
ALUMINUM TOLERANCE
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INTRODUCTION
Aluminum is a major problem limiting crop production in acid soils in many 
parts of the world. An inexpensive way to overcome the problem would be to 
utilize crop plants tolerant to Al. Towards this end, effort has been directed 
towards developing genotypes with adequately high levels of Al tolerance.
Protoplast culture offers one approach to germplasm enhancement. In recent 
years, considerable progress has been achieved in rice protoplast technology. Since 
the first regeneration of rice from protoplasts was reported by Fujimura et al.
(1985) using the japonica cultivar Taipei 309, success has extended to indica types 
that were previously regarded as recalcitrant, including Chinsurah Boro II (Datta et 
al., 1990), IR 54 (Lee et al., 1989), IR 58 (Torrizo and Zapata, 1992) and IR 72 
(Datta et al., 1992). Recently, plant regeneration from protoplasts of the 
commercial U.S. rice cultivars Lemont, Maybelle, Cypress, Lacassine, and Mercury 
has been obtained (Utomo et al., 1994).
The two most important advantages of using protoplasts for in vitro screening 
are that individual protoplasts can be uniformly exposed to selective agents and 
individual protoplasts give rise to discrete cell colonies originating from a single 
original cell. This latter factor is important in avoiding the production of chimeric 
cell aggregates and subsequently regenerating non-tolerant plants.
The objectives of this study were to determine an appropriate method for 
screening rice protoplasts for Al tolerance, to regenerate plants from selected
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protoplast-derived calli, and to determine the levels of Al tolerance in progeny of 
plants regenerated from selected cells.
MATERIALS AND METHODS 
Protoplasts were isolated from Mercury suspension cells maintained in 
modified General Medium (Chen, 1986). Protoplast culture and regeneration were 
as described by Utomo et al. (1994) and are summarized as follows. Protoplasts 
were isolated from suspension cells 3-5 days after subculturing using a filter 
sterilized enzyme solution containing 4 gL'1 Sigma cellulase (6.7 units/mg) and 1 
gL'1 Sigma pectinase in CPW 7 solution (Ajuha, 1983). Protoplasts were cultured 
in the agarose bead method of Shillito et al. (1983), combined with the mixed nurse 
culture method of Kyozuka et al. (1987), and placed on a gyratory shaker at 30 ipm 
for 11 days at 28°C in the dark. At the end of this period, nurse cells were 
removed and fresh protoplast medium was added. The protoplast medium was 
modified General Medium supplemented with 0.4 M sucrose. Protoplasts were 
further cultured for 2 weeks. Agarose blocks with visible colonies were placed on 
soft protoplast medium, containing 3 g L 1 ultra pure DNA grade agarose (Bio-Rad) 
and 30 g L 1 sucrose. Colony propagation was carried out in the dark at 25°C for 10 
days. Calli with a diameter of 1 mm or more were plated onto regeneration 
medium to induce plantlet formation. Culture conditions and procedures for plant 
regeneration are as previously described. In vitro screening for Al tolerant cells 
was applied either to single protoplasts (direct screening) or 11 day old 
protoplast-derived calli (indirect screening).
66
Direct screening of protoplasts
To determine the effects of Al on protoplast survival, a 4 ml solution 
containing approximately 8 million protoplasts was exposed to 2 levels of Al (3 and 
6 mM) and 2 exposure durations (30 and 60 min.). The basal medium was a 0.4 M 
sucrose solution to which Al was added as A12(S04)316H20 . Two different 0.4 M 
sucrose solution controls lacking Al were included; one with a pH of 4.0 and the 
other with a pH of 5.8. After washing twice with KMC solution (Harms and 
Potrykus, 1978), pelleted protoplasts were resuspended in 8 mis of treatment 
solution in a 15 ml tube by gently inverting the tube several times. At the end of 
the treatment period, KMC solution was added to bring the final volume to 15 mis. 
Protoplasts were pelleted by centrifugation at 130 g for 5 min. The protoplasts 
were again washed with KMC solution before culturing as previously described 
(Utomo et al., 1994). The number of growing colonies formed was counted 21 
days after treatment. For large-scale protoplast selection, an exposure to 6 mM Al 
for 60 minutes was utilized to screen a total of 1.2xl08 protoplasts.
Screening protoplast-derived colonies
Eleven days after non-selected protoplasts were plated, Al treatments were 
applied to five replicate one-cm2 agarose blocks containing 5X104 protoplast-derived 
colonies each. Treatments consisted of exposure to 100 uM Al for 0, 1 ,7 ,  and 14 
days. After treatment, the agarose blocks were washed three times with sterile 
liquid protoplast medium, placed on top of fresh soft agarose medium, and cultured 
in the dark at 25°C for 14 days before counting the number of growing colonies.
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For large-scale selection of protoplast-derived calli, an exposure to 100 uM Al for 1 
day was utilized to screen calli derived from a total of 3.2x107 original protoplasts. 
Stability test of Al tolerance derived from protoplast selection
Twenty seven protoplast-derived calli from direct and indirect screening 
methods were plated onto membrane rafts (9 calli/raft) in a Magenta culture vessel 
(Sigma Co.) containing modified N6 medium with 5 mM Al. Levels of Al 
tolerance were determine using the methods previously described in chapter EL 
Five calli that grew in the presence of Al were used to develop 5 suspension cell 
lines. After 6-8 weeks of culture, protoplasts were again isolated from each cell 
line. After exposure of these and control protoplasts to 6 mM Al for 45 min., 
protoplast viability was assessed using the fluorescein diacetate (FDA) staining 
method.
Plant regeneration
Surviving colonies were plated onto regeneration medium to produce plantlets 
that were transferred to the greenhouse and grown to maturity. Progeny seeds were 
collected and used to determine the level of Al tolerance for each regenerated line.
RESULTS AND DISCUSSION 
The effects of short term treatments with relatively high Al concentrations 
applied directly to protoplasts is presented in Table 14. The number of surviving 
protoplasts decreases sharply with longer exposure, especially at high Al 
concentrations. With 6 mM Al, 60 min treatment, 2.1x10 s of the treated protoplasts 
survived, forming calli at l.dxlO^of the rate of the non-treated control.
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Table 14. Mean number of protoplast-derived calli formed following exposure of 
protoplasts to two concentrations of Al for different lengths of time. 
Each treatment consisted of 5 replicates of 8xl06 protoplasts per 
replicate.
Al concentration 
(mM)
Time (min)
Number of protoplast- 
derived calli 3 weeks 
after treatment
0 30 7xl05a
0 60 6x105a
3 30 1,423
3 60 995
6 30 1,121
6 60 37
a estimated from subsample counts
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The effect of exposing protoplast-derived calli to a low Al concentration for 
extended periods of time is presented in Table 15. Few surviving calli were 
observed. Treatment with 100 uM Al for 1 day resulted in a callus survival rate of 
1.5X10-4, a rate comparable to the survival obtained from treating protoplasts 
directly with 6 mM Al for 60 min. Extending the treatment period to 7 days 
resulted in fewer surviving calli. Moreover, the calli that survived 14 days of 
exposure failed to regenerate plants.
Aluminum selected cells consistently expressed more tolerance than 
non-selected cells based on protoplast viability when rechallenged with 6 mM Al 
for 45 minutes (Table 16). The results indicated that the method of screening 
protoplasts to identify Al tolerant cells was effective.
A comparison of selecting at the protoplast level and selecting at the level of 
protoplast-derived calli is presented in Table 17. The frequency of finding tolerant 
protoplasts is similar to that reported for screening protoplasts for salt tolerance 
(Sumaryati et al., 1992). Direct screening using protoplasts appears detrimental to 
regenerated plant fertility, compared to screening using protoplast-derived calli.
The levels of tolerance among the progeny of plants regenerated from selected 
calli and non-selected control calli are presented in Table 18. An important 
difference between the two approaches is the resulting levels of Al tolerance 
produced. The percentage of plants with more tolerance to Al than the controls 
was 3.4% for the protoplast selection approach and 31.1% for the selection 
approach using protoplast-derived calli. This nearly 10-fold difference suggests that
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Table 15. Mean number of surviving calli after protoplast-derived calli were
exposed to 100 uM Al for 0, 1, 7, and 14 days. Treatments were applied 
to one-cm2 agarose blocks containing 5xl04 protoplast-derived colonies 
and replicated 5 times.
Days of treatment Number of surviving calli
Control 7xl04a
1 11
7 3
14 2
a estimated from subsample counts
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Table 16. Protoplast viability (%) of tolerant and non-selected cell lines after 
exposure to 6 mM Al for 45 minutes4.
Cell line
45 minute Al exposureb
0 mM 6 mM
Non-selected 97.8 a 78.6 a
Tolerant” 97.0 a 89.0 b
4 Protoplast viability was assessed using the fluorescein diacetate (FDA) staining 
method.
b Values within a column with the same letter are not different at the 5% 
probability level based on Duncan’s test.
0 Tolerant cell line was obtained from screening protoplast-derived calli 
(indirect method).
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Table 17. Number of tolerant calli and regenerated plants produced from direct and 
indirect protoplast selection methods®.
Selection Initial Number of Freq. of Number of
method number of surviving tolerant regenerated
protoplasts1* calli calli plants0 
F S
Direct 1.2x10s 723 5.8xl0'6 378 87
Indirect 3.2xl07 132 4.1xl0'6 106 2
8 Direct selection was conducted by exposing individual protoplasts (8xl06/4 mis) 
to 6 mM for 60 minutes. Indirect selection was conducted by exposing 11 day 
old protoplast-derived-calli (5xl04/l-cm 2 agarose block) to 100 uM Al for 1 day. 
b counted after protoplast isolation. 
c F=fertile, S=sterile.
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Table 18. Distribution of root length after 11 days of germination in the presence 
of 200 uM Al of R, seedlings from regenerated plants.
Screen- No. Root length (mm)
ing regen.
method plants 0 1 2 3 4 5 6 7 8 9 10 11
Control 8 0 0 0 1 4 3 0 0 0 0 0 0
Direct1 378 66 21 33 32 103 110 12 1 0 0 0 0
Indirectb 106 9 5 14 5 38 2 27 6 0 0 0 0
a Direct selection was conducted by exposing individual protoplasts (a total of 
1.2x10s) to 6 mM for 60 minutes. 
b Indirect selection was conducted by exposing 11 day old protoplast-derived calli 
(a total of 3.2xl07 initial protoplasts) to 100 uM Al for 1 day.
selecting at the level of protoplast-derived calli for Al tolerance is superior to 
selecting with protoplasts themselves.
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CHAPTER V
CHARACTERISTICS OF LONG-TERM SUSPENSION CULTURES 
OF THE U.S. RICE CULTIVAR MERCURY
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INTRODUCTION
The use of suspension cells of rice (Oryza sativa L.) can facilitate the 
accomplishment of several research objectives. They have been utilized to generate 
transformed rice plants, through both particle bombardment and polyethylene glycol 
treatment (Cao et al., 1992; Lee et al., 1991), and for in vitro screening (Yamada et 
al., 1986). In other species, they have been used for rapid and continuous 
production of uniform biomass for studies of basic plant cell physiology (Fry,
1990), enzymology (Herzbeck and Husemann, 1985), and secondary metabolites 
(Hall et al., 1988). In rice, suspension cells have been widely utilized as a source 
for protoplasts that have been used for somatic hybridization (Kyozuka et al.,
1989), the production of protoclones (Kanda et al., 1988), transformation (Zhang 
and Wu, 1988; Li et al., 1992; Shimamoto et al., 1989; Toriyama et al., 1988; 
Zhang et al., 1988; Davey et al., 1991), and in vitro screening (Xie, 1991).
Establishment, selection, and preferential culture of embryogenic callus have 
been recognized as critical factors in maintaining long-term morphogenetic potential 
in cultures (Vasil and Vasil, 1984). In recent years, the establishment of 
embryogenic cultures has been achieved with several rice genotypes previously 
regarded as recalcitrant. This resulted from better recognition of the conditions 
required to produce embryogenic calli (Vasil and Vasil, 1991; Datta et al. 1992). 
However, characterization and maintenance of long-term embryogenic rice
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suspensions has not been reported. This paper describes the characteristics of 
embryogenic suspension cells of the U.S. rice cultivar Mercury that have been 
cultured for more than 3 years.
MATERIALS AND METHODS
Explant sources
Initial calli were induced from two different explants, immature panicles and 
mature seed. The immature panicles were obtained from either greenhouse- or 
field-grown plants. Boots containing immature panicles 2-3 cm in length were 
surface sterilized in 22.5 gL'1 NaOCl for 30 minutes, followed by rinsing in sterile 
water 3 times. Immature panicles were aseptically dissected from stems, chopped 
into one-cm pieces or smaller, and transferred to 100x15 mm disposable plastic 
Petri dishes containing MS basal medium (Murashige and Skoog, 1962) 
supplemented with 2 mgL'1 2,4-dichlorophenoxyacetic acid (2,4-D), 0.2 mgL'1 
Kinetin, 0.5 gL'1 casein acid hydrolysate (CH), 30 gL'1 sucrose, and 7 gL'1 Sigma 
purified agar at pH 5.8. Cultures were incubated in the dark at 25°C for 10-20 
weeks.
For seed-derived callus initiation, Mercury seeds were dehulled, shaken in 70% 
ethanol for 45 seconds and surface sterilized in 22.5 gL'1 NaOCl with vigorous 
shaking for 20 minutes. Seeds were plated onto callus induction medium after 
rinsing with sterile water 3 times. After 10-14 days of culture, roots, shoots, and
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endosperm were removed from each seedling. The remaining root/shoot interface 
was transferred to fresh medium and further cultured in the dark at 25°C for an 
additional 8-18 weeks.
Between the period of 10-20 weeks after initial plating, a frequency of 
secondary embryogenic callus formation from the two explants was determined.
The frequency was calculated based on the number of calli giving rise to secondary 
embryo calli per number of initial calli plated. The secondary embryogenic calli 
consisted of cell granules one mm in diameter or less that vigorously grew on top 
of the primary calli.
An inoculum of friable, compact callus tissue weighing 1.5 g was used to 
initiate each suspension culture. Calli were placed in sterile 250 ml Erlenmeyer 
flasks containing 50 ml liquid General Medium (Chen, 1986; Li and Murai, 1990) 
that had been modified by adding 40 mgL'1 FeS04 7H20 , 100 mgL'1 myo-inositol, 
10 mgL'1 thiamine'HCl, 1 mgL'1 pyridoxineHCl, and 3 gL'1 CH at pH 5.8. Flasks 
were capped with sterile Al foil, placed on a gyratory shaker at 100 rpm, and 
cultured under a fluorescent light intensity of 1,600 lux, with a 16:8 hr light:dark 
regime, at 25°C. Suspensions were subcultured weekly by decanting the spent 
medium from each flask and replacing with fresh medium. Growth of suspension 
cells was determined based on fresh weight. The fresh weight was determined 
following removal of the liquid medium with a sterile pipette.
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Protoplast isolation and culture
Protoplasts were isolated from suspension cells 3-5 days after subculturing 
following a procedure previously described (Utomo et al., 1994). Protoplast 
viability was determined by staining with fluorescein diacetate (FDA) according to 
the method of Widholm (1972).
Plant regeneration
To regenerate plants, cell clumps were plated onto N6 basal medium (Chu et 
al., 1975) supplemented with 30 gL'1 sorbitol, 20 gL'1 sucrose, 0.5 gL'1 CH, 7 gL'1 
ultra pure DNA grade agarose (Bio-Rad), 2 mgL'1 BAP, and 0.5 mgL'1 NAA at pH 
5.8. Cultures were maintained at 25°C under a fluorescent light regime of 16:8 
lightrdark with a light intensity of about 1,800 lux with monthly subculture. Small 
plantlets that formed were transferred to MS medium containing 20 gL'1 sucrose, 
and 2.5 gL'1 Gelrite at pH 5.8. Calli that had not yet developed plants after one 
month were subcultured to fresh regeneration medium to encourage plantlet 
formation. Regeneration rates were determined based on the number of calli giving 
rise to plantlets per number of initial calli plated. Plantlets with good root systems 
were transferred to soil in 20 cm pots, placed in the greenhouse, flooded with 
water, and grown to maturity.
81
RESULTS AND DISCUSSION 
With prolonged culture on the initial callus induction medium, the majority of 
calli that formed turned brown and eventually died. A small number of calli, 
however, produced secondary embryogenic calli. The frequency of secondary 
embryogenic callus formation was low: 3% and 1.75% for immature panicles and 
the root/shoot interface, respectively (Table 19). The secondary embryogenic calli 
consisted of cell granules one mm in diameter or less. They were compact, 
yellowish, and grew vigorously on top of the primary calli. This calli rapidly 
proliferated when used to initiate suspension cultures. The importance of using 
embryogenic calli for tissue culture has been described (Yasil and Vasil, 1984). In 
this study, the capacity of suspension cells to maintain high regeneration rates for 
such a long period of culture appears due in part to the use of embryogenic cell 
lines as inoculum.
Characteristics of M ercury suspension cultures
The growth of established Mercury suspension cells after weekly subculture 
followed a typical cell growth pattern; an initial lag phase of less than 2 days 
followed by an exponential, linear, and stationary phase (Table 20). Doubling 
times were between 4 and 5 days. By the end of a subculture period, cell fresh 
weight nearly tripled. There was no statistical difference in cell growth of the
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Table 19.
Original
explant
Immature
panicles
Seed
Frequency of the formation of secondary embryogenic callus of the rice 
cultivar Mercury from immature panicle and seed-derived cultures after 
10-20 weeks on the original callus induction medium®.
Number of Mean±SE of Frequency of
explants secondary secondary
plated embryogenic embryogenic
calli formed calli formation
(%)
400 12±4 3.00
400 7±3 1.75
4 based on 3 replicates
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Table 20. Growth of Mercury suspension cells derived from immature panicles and 
seeds after 5 and 36 months of culture.
Fresh weight (g)a 
Mean±SE
Days after Immature panicle (IP) Seed
subculture derived derived
5 months 36 months 5 months 36 months
1 3.1±0.56 3.2±0.41 3.010.44 3.110.46
2 3.6±1.10 3.9±0.87 3.510.90 3.810.79
3 4.3±0.87 4.510.64 4.010.77 4.610.69
4 5.4±1.21 5.510.98 5.310.93 5.711.01
5 8.0±0.92 7.810.88 7.710.72 8.110.81
6 8.6±0.75 9.110.87 8.610.95 8.910.66
a based on 3 replicates.
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suspensions after 5 or 36 months in culture. The suspensions did not differ 
morphologically.
Long-term monitoring of regeneration rates
Regeneration rates of suspensions derived from IP ranged from 78 to 93%, 
while regeneration rates from seed-derived suspension ranged from 69 to 93%
(Table 21). Secondary suspensions derived from IP and seed had average 
regeneration rates of 91.6 and 90.5, respectively.
Reduced regeneration rates from both suspensions were observed at month 11, 
which was associated with the formation of very small clumps that were rapidly 
dividing. These cells were less regenerable. The problem, however, could be 
overcome through alteration of cell population as previously described (Utomo et 
al., 1994). This involved the plating of suspension cells onto regeneration medium 
lacking growth regulators for 2 weeks. Embryogenic calli that formed were picked 
individually and used to initiate fresh suspensions. The secondary suspensions 
developed through this procedure maintained relatively stable regeneration rates for 
3 years. This study demonstrates that relatively simple manipulations may serve to 
maintain high regeneration rates in long-term rice suspensions.
Long-term monitoring of cell growth
Suspension growth was monitored every other week for 41 weeks by 
measuring the fresh weight of cells before subculturing. Changes in growth
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Table 21. Comparison of regeneration rates of Mercury suspension cells derived 
from immature panicles and seeds.
Regeneration rate (%)“ 
Explant Mean±SE
Month
1 5 10 15b 20b 25b 30b 36b
IP 93±4.3 85±3.2 78±7.2 92±3.1 89±4.6 90±5.7 94±4.2 93±5.2
Seeds 87±3.3 91±4.0 69±8.4 89±2.9 93±3.3 88±4.9 93±5.0 92±3.1
a Regeneration rates were determined as the number of calli giving rise to plantlets 
per number of initial calli plated times 100. The values were based on 5 
replicates.
b From secondary suspension culture (see discussion)
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occurred over time (Figure 8). Cell growth was marked by a period of early 
acclimatization that appeared to occur during the first 7 weeks. This process may 
entail selection for cells within the inoculum population that grow rapidly in 
suspension culture. Once these cells apparently predominate, growth rates remain 
relatively stable. Slight reductions of cell growth at weeks 13, 15, 27, and 29 were, 
however, observed. This reduction coincided with the production of larger clumps 
of cells within the cultures. Following this period, a rapid production of fine 
clumps was observed and cell growth subsequently returned to the normal rate. An 
observation associated with this change in growth within the cultures was that cells 
transferred to regeneration medium during periods of low cell growth rates 
regenerated fewer plants and at a slower rate than suspension cells with higher 
growth rates (Table 22). Once more highly dispersed, faster growing cultures were 
again observed, these were accompanied by recovery of a highly efficient 
regeneration capability.
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Figure 8. Relative growth of Mercury cell line during 41 weeks of culture.
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Table 22. Time needed to produce plantlets and the regeneration rate of suspension 
cells sampled during normal and slower growth periods8.
Suspension
cells
Formation of 
the first 
plantlets 
(weeks)
Total
regeneration
period
(months)
Regeneration 
rate (%)
Cells sampled
during a normal growth
period
2 1-2 89
Cells sampled
during a slower growth
period
3 2-4 55
a based on 3 replicates.
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CHAPTER VI 
SUMMARY/CONCLUSION
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Aluminum (Al) toxicity is particularly severe in many tropical regions. In 
recent years, it has received increased attention from the international scientific 
community, partly due to a greater need to utilize more acidic soils for crop 
production. Investigations on the mechanisms of Al toxicity have been conducted 
using a spectrum of approaches. Concurrently, effort has been directed towards the 
development of Al tolerant germplasm. One approach has been the use of tissue 
culture to develop Al tolerant germplasm of several crops. In rice, however, 
success has not been reported to date, despite the advanced status of tissue culture 
technology in rice relative to that of the other cereal grains. In light of this 
potential and the need for Al tolerant rice, the three basic tissue culture techniques 
of somaclone evaluation, in vitro screening of suspension cells, and in vitro 
screening of protoplasts were explored as techniques for developing rice germplasm 
with improved Al tolerance. Progeny lines resulting from each approach were 
tested for their tolerant to Al using the frequently utilized method of determining 
the extent of root growth inhibition induced by Al. To conduct this evaluation, 
seeds were germinated in a toxic Al solution and the length of the primary root was 
measured.
An evaluation of 9,000 rice somaclones resulted in the identification of four 
improved Al tolerant lines. When germinated in a toxic Al solution, the length of 
the primary root of the most tolerant somaclone was 50% greater than the cultivar 
from which it was derived. A genetic study with the four most tolerant lines 
indicated that two of the somaclones had a single dominant gene and a third had
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two dominant genes for Al tolerance. The genetics of the tolerance of the fourth 
somaclone could not be clearly determined in this study. Since the genetic basis 
for Al tolerance varied among four somaclones, this suggests that higher levels of 
tolerance might be obtained through hybridization between these lines to combine 
genes for tolerance.
More than 1,425 plants were recovered from various Al treatments through in 
vitro screening of suspension cells. The most tolerant plant was obtained through 
exposure to 20 mM Al for 7 days. When germinated in Al solution, progeny of the 
most tolerant plant had primary root lengths twice that of the cultivar from which it 
was derived. Pretreatment with ethyl methanesulfonate (EMS) increased the 
survival rate of cells following exposure to Al but induced a higher frequency of 
sterility in the regenerated plants. The range of variability for Al tolerance among 
regenerated plants was not increased by EMS treatments.
A total of 484 fertile plants were recovered from in vitro screening of 
protoplasts with Al. Among the various methods tested using protoplasts, screening 
of 11 day-old protoplast-derived calli through one-day of exposure to 100 uM Al 
yielded the most tolerant plant. The length of the primary root of the progeny of 
this line was improved by 50% compared to the cultivar from which it was derived.
These studies demonstrate that somaclone evaluation, suspension cell 
screening, and in vitro screening utilizing protoplasts are all viable approaches to 
improving the Al tolerance of rice. The most effective method was in vitro 
screening of suspension cells. This is fortunate, because this relatively simple and
inexpensive approach is suitable for use by laboratories in tropical regions where Al 
toxicity problems are most prevalent.
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